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We combine the evanescent field (EF) sensing mechanism with the fiber loop
ringdown (FLRD) sensing scheme to create FLRD-EF sensors. The EF sensor heads are
fabricated by etching the cladding of a single-mode fiber (SMF), while monitoring the
etching process by the FLRD technique in real-time, on-line with high control precision.
The effect of the sensor head dimensions on the sensors' detection sensitivity and
response time are investigated. The EF scattering (EFS) sensing mechanism is combined
with the FLRD detection scheme to create a new type of fiber optic index sensor. The
detection limit for an optical index change is 3.2×105. This is the highest sensitivity for a
fiber optic index sensor so far, without using any chemical-coating or optical components
at the sensor head. A new type of index-based biosensor using high sensitivity FLRDEFS technique to sense deoxyribonucleic acid (DNA) and bacteria (Escherichia coli) is
created.
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CHAPTER I
INTRODUCTION

1.1

Fiber Optic Sensors
Fiber optic sensors are optical fiber-based devices that are applicable to sensing

physical quantities, such as pressure, temperature, rotation, acceleration, electric and
magnetic field measurements, acoustics, vibration, linear and angular position, strain,
humidity, viscosity, chemical measurements, etc. On the basis of the applications, fiber
optic sensors can be categorized as physical sensors (e.g., measurement of pressure,
temperature, etc.), chemical sensors (e.g., measurement of pH content, gas analysis,
spectroscopic studies, etc.) and biomedical sensors (e.g., measurement of blood flow,
glucose content, etc.). A fiber optic sensor system consists of a fiber optic cable and a
remote detector which is connected to the cable. The basic principle of these fiber optic
sensors is that light (from a laser) sent through an optical fiber, experiences slight
changes of its parameters in the sensor head and then reaches a detector. The detector
collects and converts the light energy into an electrical signal and the fiber optic cable
transports the light into and out of the required areas.

1

1.1.1

Advantages and Disadvantages of Fiber Optic Sensors
Fiber optic sensors exhibit several advantages. Fiber optic sensors can be

available in small sizes with light weight. They consist of electrically insulating materials
and therefore can be used in high-voltage environments. No electric cables are required.
Since there is no risk of electric sparks, they can be safely used in explosive or flammable
environments. They do not electrically disturb other devices because of their immunity to
electromagnetic interference. Their materials can be chemically passive and consequently
there is no chance of either contamination of the surroundings or of corrosion. They have
a much wider operating temperature range than that of many electronic devices. They
have the capability of integrating multiple sensors in a single fiber line with a single
optical source. When compared to other types of sensors, fiber optic sensors have high
sensitivity and low cost.
Other than the number of advantages, fiber optic sensors exhibit some
disadvantages as well. These sensors need optical-to-electrical conversion. Special skills
are needed in installation, since the optical fibers are fragile in nature. Minimizing high
loss at their connectors is expensive.

1.1.2

Fiber Optic Sensors’ Market
Fiber optic sensors are currently being used in monitoring systems in optical

networks, oil reserves, pipelines, bridges, and biomedical instruments. Also fiber optic
sensors are used by geologists to create underground three-dimensional maps. According
to reports [1], the US fiber optic sensors market is expected to reach $1.6 billion in 2014,
up from $235 million in 2007 with a compound annual growth rate of 30 %. Because of
2

the competition among new technologies, companies are making an effort to find new
applications of the fiber optic sensor technology.

1.2

Fiber Loop Ringdown (FLRD)

1.2.1

Origin of Fiber Loop Ringdown
During the past several years, the fiber loop ringdown (FLRD) technique has been

introduced in fiber optic sensing. FLRD is mostly based on the concept of cavity
ringdown spectroscopy (CRDS), a technique which offers high sensitivity and near realtime response.

1.2.1.1 Cavity Ringdown (CRD)
The Cavity Ringdown (CRD) technique is based on the measurement of the rate
of absorption of a light pulse confined in a closed optical cavity. Figure 1.1 shows a
schematic of a typical cavity ringdown setup. The optical cavity is formed by two highly
reflecting mirrors. A laser pulse is directed onto the back face of a concave mirror. A
small amount of the laser pulse is coupled into the optical cavity. The light entering the
optical cavity repeatedly reflects back and forth between the mirrors. Light is lost in each
lap due to absorption by the mirrors and by absorption/scattering of gasses in the cavity.
The behavior of the light intensity inside the cavity with time can be monitored by a
small fraction of light that is transmitted through the other mirror in each pass. The light
intensity inside the cavity decays exponentially in time with a decay constant , which is
known as “ring down time”, which is given by [2]
3

߬ൌ

݀
ሺͳǤͳሻ
ܿȁ݈ܴ݊ȁ

where d is the optical path length between the mirrors, c is the speed of light and R is the
reflectivity of the mirrors. For highly reflective mirrors R1, then,
߬ൌ

Figure 1.1.

݀
ሺͳǤʹሻ
ܿሺͳ െ ܴሻ

Schematic of a typical cavity ringdown (CRD) setup.

Cavity ringdown spectroscopy is widely used to study gaseous samples which
absorb light at specific wavelengths and now it is a fully commercialized process for
trace gas analysis and sensing [3]. Several types of optical cavities have been introduced

4

along with new technology and new ideas, but all the new mechanisms are based on the
same CRD measuring principle.

1.2.2

The Principles of Fiber Loop Ringdown
A light pulse which is coupled into a fiber loop travels inside the loop repeatedly.

A small fraction of the light is coupled out to a photodetector, in each round trip and the
rest of the light travels in the fiber, experiencing internal transmission losses throughout
the optical path. The output signal observed by the detector shows an exponential decay
[4, 5]
ܿܣܫ
݀ܫ
ൌെ
ሺͳǤ͵ሻ
݊ܮ
݀ݐ
where I is the light intensity at time t (we assume that the light source is shut off and that
a light pulse is injected into the loop at t =0), L is the length of the fiber loop, c is the
speed of light in vacuum, n is the average refractive index of the fiber material, and A is
the total fiber transmission loss in each round trip. The total fiber transmission loss
includes the fiber absorption loss, the fiber couplers’ insertion losses, and the fiber
scattering loss
 ܣൌ ߙ ܮ  ܧ ߛሺͳǤͶሻ
where , E and  are the wavelength-dependent absorption coefficient of the fiber core
material (in cm-1), the total insertion loss of the fiber couplers, and the total fiber
scattering loss, respectively. Solution of Eq. (1.3) shows the behavior of the light
intensity with time which is observed by the detector (Eq. (1.5)).


 ܫൌ ܫ ݁ ି௧ ሺͳǤͷሻ
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According to Eq. (1.5), FLRD measures the decay rate of light intensity, not the absolute
change in intensity, ǍI. Therefore, measurement of A is not sensitive to fluctuations of
the intensity of the incident light (I0). The time required for the light intensity (I) to
decrease to 1/e of the initial light intensity (I0) is known as the ringdown time 0 which is
given by [4, 5]
߬ ൌ

݊ܮ
ሺͳǤሻ
ܿܣ

The total transmission loss A is determined by the physical parameters of the sensor, such
as the fiber absorption loss, the couplers’ insertion losses, the refractive index, and the
fiber length. A is constant for a given FLRD sensor. According to the Eq. (1.6), low loss
of light in the fiber results in a longer decay time constant ( W 0 ).
When an external action, such as absorption and/or a change of any physical
quantity, such as pressure, temperature, or stress, occurs at a section (sensor head) of the
fiber loop, an additional optical loss (B), of the light pulse in the fiber loop will be
occurred. This additional optical loss causes a change in the ringdown time  (Eq.1.7).
߬ൌ

݊ܮ
ሺͳǤሻ
ܿሺ ܣ ܤሻ

From Equations (1.6) and (1.7), we can obtain
ͳ ͳ
ܿ
ܤሺͳǤͺሻ
൬ െ ൰ൌ
߬ ߬
݊ܮ
Equation (1.8) describes the principle of FLRD. According to Eq. (1.8), for a given fiber
loop ringdown sensor, a change in a sensing activity (e.g., gas absorption, fiber
mechanical deformation, thermal expansion, etc.) is determined by measuring the
ringdown time without the sensing activity (0), and the ringdown time with the activity
6

(). The term (1/ – 1/0) has a linear relationship with the optical loss, B, induced by the
sensing activity.
Figure 1.2 (a) shows a schematic of an FLRD sensor unit and Figure 1.2 (b)
shows a typical light intensity decay behavior observed by the photodetector. Each of the
separated spikes in Figure 1.2 (b) indicates the intensity of the light coming out of the
loop after each round trip. The time between two adjacent spikes is the round trip time (tr)
of the light inside the loop. The intensity of light follows an exponential decay, and
therefore, the decay rate is immune to pulse-to-pulse light intensity fluctuations. A slower
decay rate (longer ringdown time) means lower optical losses, and a faster decay rate
(shorter ringdown time) means higher optical losses of the light inside the loop.

7

(a)

(b)
Figure 1.2. (a) Schematic of an FLRD sensor unit, (b) a typical light intensity decay
behavior observed by the photodetector

8

1.2.3

Advantages of Fiber Loop Ringdown
FLRD combines with unique features of CRDS, such as high detection sensitivity,

fast response (μs), and insensitivity to light source fluctuations. Other than that, FLRD
requires low laser power (~μW). FLRD sensor systems do not need any optical
amplification. Consequently no associated ASE (amplified spontaneous emission) takes
place. ASE increases the background signal (noise). FLRD offers high configurability,
i.e. changing a sensor head in the fiber loop does not need a change of the detectors and
their settings because of the uniform time detection scheme. FLRD sensors are
compatible with an inexpensive photodiode as a detector. Therefore FRLD sensors are
less expensive than typical fiber optic sensors using optical spectral analyzer (OSA) as
the detector [3].

1.3

Fiber Optic Evanescent Field Sensors
Fiber optic sensor technology has recently tended towards developing evanescent

field sensors. When a pulsed laser is coupled into an optical fiber loop which can be
considered as an optical cavity, the optical loss is small due to the total internal reflection,
and therefore the light pulses can travel a large number of round trips till the intensity
drops below the detection threshold. The light inside the cavity decays exponentially with
a characteristic time constant  which is called the “ringdown time”.
When light travels in a single mode fiber, an evanescent field (EF) is created and
tunnels from the core (with a high refractive index) into the cladding (which has a low
refractive index), and propagates through the cladding closer to the cladding/core
interface. When this EF is exposed to an external medium, it can be absorbed and/or
9

scattered by the embedded medium, which produces an extra optical loss that will create
a change in the ringdown time.
Furthermore, the fiber optic evanescent field phenomenon is widely used in recent
refractive index sensors and biosensors. Index sensors make use of long period fiber
gratings (LPG) [6, 7], fiber Bragg gratings (FBG) [8], single mode fibers (SMF) and/or
photonic crystal fibers (PCF) [9-11], and several biosensors that make use of long period
fiber gratings (LPG) to sense DNA in real time [12-14] have been reported in the past
few years.
In this research, we have combined the evanescent field (EF) sensing mechanism
with fiber loop ringdown (FLRD) sensing scheme to create FLRD-EF sensors with high
detection sensitivities. This thesis comprises a new method of sensor head fabrication,
characterizing the physical variables that can affect the sensitivity and the response time
of a sensor, a new type of refractive index sensor, and a biological sensor based on the
FLRD-EF mechanism. Chapter II describes fabrication and characterization of FLRD-EF
sensors. Chapter III demonstrates a new type of FLRD-EF index sensor. Chapter IV
reveals a new type of index-based biological sensor which is based on highly sensitive
FLRD-EF index sensors. Finally, the outlook of this research is outlined in Chapter V.
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CHAPTER II
FABRICATION AND CHARACTERIZATION OF FIBER LOOP RINGDOWN
EVANESCENT FIELD SENSORS

In this chapter, a novel fiber optic sensor technique—fiber loop ringdown
evanescent field (FLRD-EF) technique is described. We combine the evanescent field
(EF) sensing mechanism with the fiber loop ringdown (FLRD) sensing scheme to create
FLRD-EF sensors. The EF sensor heads are fabricated by etching the cladding of a single
mode-fiber (SMF). The etching process is monitored by the FLRD technique in real-time
on-line. The control precision of this process is 0.1 Ps in terms of ringdown time; this
corresponds to 0.5 Pm precision in etched fiber diameters, which are estimated by
scanning electron microscopy. EF sensor heads with various dimensions
(length/diameter) are fabricated to form different FLRD-EF sensor units. The effects of
these dimensions on the sensitivity and response time of the sensor are investigated.
Finally, FLRD-EF sensors are demonstrated for detection of water at the wavelength of
1515.25 nm, based on the EF scattering effect.

2.1

Principle of FLRD-EF Fiber Optic Sensors
A fiber loop ringdown system, as shown in Figure 2.1 (a), consists of a section

of fused-silica single mode fiber (SMF 28, Corning, Inc), two identical 2×1 fiber couplers
12

(Opneti Communication Co.), a temperature-controlled continuous wave (CW) diode
laser (NLK1S5AAA, NEL America, Inc.), an InGaAs photodetector (Thorlabs,
PDA50B), and an electronic controller. Cladding and core diameters of the single mode
fiber were 125 μm and 8 μm, respectively. The two fiber couplers were fabricated with a
split ratio of 0.1:99.9 in the two-leg end of the fiber couplers, as shown in Figure 2.1. The
total optical loss includes absorption loss, fiber connectors’ insertion losses, and fiber
couplers’ losses. The total optical loss in the loop was estimated to be <0.45 dB for a
typical fiber loop. The typical splicing loss, which was estimated by the splicer, is
between 0.02 – 0.04 dB and the total fiber scattering loss is negligible. The laser beam
from the single-mode fiber, which was connected to the laser diode, was coupled into the
fiber loop through the 0.1% leg with an angle-polished fiber connector (FC/APC). The
0.1% leg of the second coupler was coupled to the photodetector. The total length of the
loop was 120 meters.
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(a)

(b)

Figure 2.1. (a) Schematic of fiber loop ringdown evanescent field (FLRD-EF) sensor.
(b) Side view of the EF-sensor head. n1, n2, n3 are refractive indices of core,
cladding and the external medium, respectively. n1 = 1.4491 and n2 = 1.4441
at 1515 nm.

Once the cw diode laser was coupled into the fiber loop, the ringdown signal
detected by the photodetector was applied to the pulse generator (Stanford Research
Systems (SRS), Inc., DG 535). The series of negative square waves (2.5 V, 10 Hz)
generated by the pulse generator was then applied to the diode laser driver in order to
drop the laser current to zero. A series of laser pulses was generated as a result. The
14

detector can sense a series of pulsed spikes in each roundtrip for each laser pulse in the
fiber loop. An oscilloscope (Tektronix 410A) with a bandwidth 400 MHz and a computer
to which the oscilloscope was interfaced were used to monitor the intensity decay curve
and to collect ringdown data. The resultant ringdown time was on the order of tens of μs.
The amplification of the detector was set to 60 dB. The triggering threshold was 0.04 V.
The total fiber transmission loss was determined by the physical parameters of the
sensor, such as the fiber absorption loss, the couplers’ insertion losses, the refractive
index, and the fiber length. This is a constant for a given FLRD sensor. From Eq. (1.8),
the additional loss, B, which causes a change in the ringdown time, W , is given by

nL 1 1
(  ).
c W W0

B

(2.1)

If B is the EF-induced optical loss (due to absorption and/or scattering) of the light
transmitted through the EF sensor head, then Eq. (2.1) represents the basic detection
approach of FLRD-EF sensors.
The detection sensitivity of FLRD-EF sensors can be described by the minimum
detectable EF-induced optical loss Bmin . Rearranging Eq. (2.1), we obtain
B

t r 'W

W0 W

1 'W
m W

( 'W

(2.2a)

W0 W )

(2.2b)

where tr is the roundtrip time of the laser pulse in the fiber loop and m is the number of
roundtrips. Therefore, the minimum detectable optical loss Bmin is given by

Bmin

1 'V W
m W

(2.3)
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where 'V W is the 1-V standard deviation of the ringdown time. 'V W /W can be
experimentally achieved as 1 × 10-3, which is a typical level of the minimum detectable
change in light intensity, 'I/I0, in a conventional intensity-based sensing scheme.
Therefore, if a conventional, intensity-based, single-pass, EF optic sensor has a detectable
optical loss of B, a FLRD-EF sensor will have a detection limit of Bmin, thus improving
the detection sensitivity by a factor of m.
For example, if a given 120 m long single mode fiber (SMF-28) ringdown loop,
with refractive indices of the fiber core and cladding at a wavelength of 1515 nm are
1.4491 and 1.4441, respectively, the estimated round trip time, tr , is 580 ns. If the
ringdown time 0 based on Eq. (1.6) is 58 Ps, then the number of multiple passes is 100.
Therefore, the detectivity is improved by 100-fold due to the multi-pass nature of the
ringdown technique. If the minimum detectable fractional intensity change ('I/I0) in a
conventional EF fiber optic sensor is 10-3 (or 0.0043 dB), then the FLRD-EF sensors will
have a detection limit of 0.000043 dB.

2.2

Fabrication of the Sensor Head
Evanescent field sensor heads were fabricated by partially or completely

removing the cladding of the optical fiber in order to expose the evanescent field. There
are several techniques that can be used for fabricating the optical fiber, including
chemical etching [1-3], physical polishing [4, 5] and thermal tapering [6]. We have used
the chemical etching method to fabricate the sensor head, considering both technical and
economical advantages.
16

2.2.1

Splicing the Fiber
Prior to the fiber tapering process, the outer jacket of the selected part of the fiber

should be removed. The fiber was first taken apart by cutting it at the middle of the
selected part and then the outer jacket of the required area was removed by using a
stripper (Micro-Strip, ThorLabs, Figure 2.2 (a)). The two separated ends were sharpened
using an optical fiber cleaver (FITEL, Figure 2.2 (b)) and the bare part of the fiber was
cleaned with ethanol. The single fiber fusion splicer (FSU 975, Ericsson, Figure 2.2 (c))
was used to splice the sharpened ends together with a minimum of optical loss. The
splicing loss is estimated by the splicer (FSU 975). The splicing loss was kept between
0.01 - 0.04 dB by cutting the edges sharply and cleaning them properly (Figure 2.3).

(a)

(b)

(c)

Figure 2.2. (a) Stripper (Micro-Strip, ThorLabs), (b) Optical fiber cleaver (FITEL), (c)
Single fiber fusion splicer (FSU 975, Ericson)
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(a)

(b)

(c)
Figure 2.3. (a), (b) Blunt and unclean optical fiber edges (c) Sharpened and cleaned
optical fiber edges as visualized in the fusion splicer.

2.2.2

Fiber Etching
A bare section (without plastic jacket) of the fiber was immersed in 48%

hydrofluoric (HF) solution. The section of the fiber was gradually corroded by using
hydrofluoric acid. The ringdown time was monitored during the corrosion process. Figure
2.4 shows real-time, on-line monitoring of the fiber corrosion process using the fiber loop
ringdown technique. At point X in Figure 2.4, the fiber was immersed in HF solution.
The fiber cladding became gradually corroded, but the ringdown time was constant until
the etching process reached point A. That means no optical loss had taken place during
the period from X to A. Once the light traveling through the fiber loop started to leak out
at point A, the observed ringdown time began to decrease due to the increase of the
optical loss. The measured ringdown times and corresponding percentage optical losses at
points A, B, C, D, E, F, and G are given in Table 2.1.
18

The optical loss at each stage was calculated using Equation (2.1). Shorter
ringdown times indicate larger optical losses in the etching process. By point G, the
cladding of the fiber was mostly etched away and the fiber was almost or completely
broken. The ringdown monitoring process was stopped at this point.
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28

A

Ringdown time (Ps)
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24

C

22

D

20
18

E

16

F

14
12

G

10
8
6
4
20:15

20:30

20:45

21:00

21:15

21:30

Experimental time (hh:mm:ss)

Figure 2.4. Real-time, on-line monitoring of the fiber etching process using the FLRD
technique. Points X and A - G are different stages of the etching process.
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Table 2.1.

2.3

Measured ringdown times and optical losses at different stages of the
etching process

Stage of the etching process

Ringdown time (μs)

Optical loss (%)

B

23.34

0.10

C

21.92

0.26

D

19.63

0.58

E

17.00

1.04

F

14.82

1.55

G

11.76

2.58

Characterization
Characterizing the physical variables that can affect the sensitivity and the

response time of the sensor is important. The sensor can be improved to the desired
detection sensitivity and to a fast response by altering those variables when fabricating
the sensor head.

2.3.1

Sensor Head Dimensions
With the purpose of determining the dimensions of the sensor head (etched area)

quantitatively, we used scanning electron microscopy (SEM) to produce an image of the
20

etched area of the sensor head. Figure 2.5 (a) shows a SEM image of the etched area of
the fiber. The dimensions were measured at three places of the etched area; the average
was used (Figure 2.5 (b)) to minimize errors.

Etched area

Figure 2.5. (a) Scanning electron microscopy (SEM) image of etched fiber, (b). SEM
image of the etched area of the fiber. Arrows indicate the three places where
the dimension was measured.
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Since it was impossible to obtain SEM images of the sensor head at different
stages during the etching process, we prepared different sections of fibers with a length of
3-4 cm each and etched them simultaneously with the major sensor unit in the same HF
solution. Each fiber segment was completely immersed in the HF solution without
touching each other. If this had not been done, the etched area would not have been
uniform. One section of fiber was taken out of the solution at stage A; another section
was taken out at stage B. Likewise a section of fiber was taken out at each stage A-G,
cleaned with deionized water and prepared for SEM imaging. Figures 2.6, 2.7 and 2.8
present some SEM images taken at different stages of the etching process. From the SEM
images, the diameters of the etched fibers were 90 μm, 45 μm, and 10 μm, respectively,
and the measured ringdown times were 23.90 μs, 22.90 μs, and 12.10 μs at points A, C,
and G.
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A

Figure 2.6. Scanning electron microscopy characterization of the etched single mode
fiber at etching stage A
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C

Figure 2.7. Scanning electron microscopy characterization of the etched single mode
fiber at etching stage C
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G

Figure 2.8. Scanning electron microscopy characterization of the etched single mode
fiber at etching stage G

In the experiment, several different FLRD sensor units were tested. Table 2.2
shows the quantitative values for fiber diameters and corresponding ringdown times at
different stages of the etching process. Figure 2.9 is the graph of measured ringdown time
vs. the etched fiber diameter.
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Table 2.2.

Determination of dimensions of the etched single mode fibers through
measuring ringdown times

Fiber Loop Unit 1

Fiber Loop Unit 2

Fiber diameter (μm) Ringdown time (μs) Fiber diameter (μm) Ringdown time (μs)
34.56

12.55

31.80

14.00

29.82

12.39

28.90

13.80

22.75

12.02

25.12

13.55

20.55

11.80

18.22

12.70

19.06

11.40

17.22

12.00

17.68

11.10

15.82

11.90

14.00

10.21

13.70

11.20
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(a) Sensor Unit 1
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Figure 2.9. Ringdown time versus diameter of the etched fiber in sensor unit 1.
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(b) Sensor Unit 2
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Figure 2.10. Ringdown time versus diameter of the etched fiber in sensor unit 2. Since
the two units have different fiber loop lengths and splicing losses, the sensor
units have different ringdown times at the same etched fiber diameter.

The plots of ringdown time vs. fiber diameter (Figures 2.9, 2.10) show that a
smaller etched fiber diameter corresponds to a shorter ringdown time and a higher optical
loss. Conversely, a larger etched diameter corresponds to a longer ringdown time and a
lower optical loss. When comparing the experimental curves in Figures 2.9 and 2.10, it is
noticeable that the two sensor units have different ringdown times for the same etched
diameter. For example, when the etched diameter is 12 μs, unit 1 has a ringdown time of
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22.66 μs and that of unit 2 is 16.46 μs. This is because of the difference in length,
splicing losses, and fiber connector losses between the two units.

2.4

Outcomes of the Experiment
The results of the experiment are interesting. Using the FLRD technique, the fiber

etching process can be continuously monitored without interrupting the process. In
addition, if the measured diameters of the etched fibers are calibrated with the measured
ringdown times, the fiber etching process can be quantitatively controlled without using
an expensive SEM facility.
The control precision of the fiber etching process can be estimated by using the
FLRD technique. Ringdown baseline stability is given by /, where  and  are
ringdown time and standard deviation of the ringdown time, respectively. In our FLRD
setup, the ringdown baseline stability was 0.4%. According to the measured fiber
diameters and the ringdown times shown in Table 2.2, we obtained a 0.5 μm
measurement uncertainty of fiber dimension for the two fiber units, based on the standard
deviation of ringdown times, 0.06μs. This precision is considerably lower than that of a
typical SEM facility, which is 5 nm at an accelerating voltage of 1kV. However, this
control precision limit is comparable to a typical side polishing machine (~1μm) [5]. This
on-line monitoring method shows great application potential when economical, real time,
on-line monitoring of an optical fiber etching process is required.
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2.4.1

Sensor Heads with Different Etched Fiber Diameters
When the cladding is gradually etched away, more EF is exposed to the external

medium (Figure 2.1 (b)). Moreover, the amount of EF created depends on the number of
total internal reflections per unit fiber length (N), which is given by the following
equation [3].

N

1
D tan T

(2.4)

where D is the diameter of the fiber core and  is the incident angle of light on the
cladding core interface. In our case, cladding is partially removed. The remaining part of
the cladding with refractive index n2 and the core with refractive index n1 together can be
considered as the effective core. The external medium with refractive index n3 can be
considered as the cladding (Figure 2.1 (b)). According to the Eq. (2.4), the smaller the
diameter of the fiber core, the greater the number of total internal reflections. Therefore
the fiber with a smaller etched diameter has a stronger EF interaction with the external
medium. Our results, presented in Table 2.2, clearly support this expectation.
In addition, the exponential behavior that exists between the etched fiber diameter
and the ringdown time (Figures 2.9, 2.10) implies that the optical losses due to the EF
interaction are inversely proportional to the effective fiber core diameter. These results
show that FLRD can be used in the fabrication of EF sensor heads with the desired
sensitivity, by controlling the etched fiber diameter.
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2.4.2

Sensor Heads with Different Etched Fiber Lengths
For a given etch fiber diameter, the EF-induced optical loss B is proportional to

the etched fiber length. We etched three different fiber length segments under the same
experimental conditions, including HF concentration, temperature, and ringdown control
system. Therefore, we can assume that the optical loss due to etching is proportional to
the etching time. Lengths of the etched fiber segments were 1.5, 3.0 and 4.5 cm. The fiber
with the etched length of 4.5 cm took 8.5 minutes for the ringdown time to change from
0 = 11.30 μs to  = 8.23 μs (Figure 2.11). The optical loss corresponding to this 3.07 μs
change in ringdown time was 0.085 dB. Similarly, the 3.0 cm etched fiber took 11.2
minutes to generate the same optical loss and the 1.5 cm etched fiber took 12.0 minutes.
Figures 2.12 and 2.13 show the graphs of fiber etching time vs. etched fiber length.
According to the results, we can say that the sensitivity of the EF sensor is
proportional to the etched fiber length. This fact is useful when fabricating sensors with
different sensitivities.
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Figure 2.11. Real time, on-line monitoring of the etching process of the 4.5 cm long
sensor head. The SMF was etched from A to B in 8.5 minutes. The
difference in ringdown time between A and B is 3.07μs (optical
transmission loss is 0.085 dB).
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Sensor Unit 1

4.5

Fiber etching time (min)

4.0
3.5
3.0
2.5
2.0
1.5
8.0

8.5

9.0

9.5

10.0

10.5

11.0

11.5

12.0

12.5

Etched fiber length (cm)

Figure 2.12. Fiber etching time to generate an optical loss of 0.085 dB vs. the etched
fiber length, for sensor unit 1.
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Figure 2.13. Fiber etching time to generate an optical loss of 0.085 dB vs. the etched
fiber length, for sensor unit 2.

2.4.3

Multiple Sensor Heads in the Same Sensor Unit

Figure 2.14. Multiple sensor heads (A, B, C) in a single FLRD-EF sensor unit. Arrows
indicate the path of the light.
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We fabricated multiple sensor heads in the same FLRD-EF sensor unit at the
same time (Figure 2.14). The lengths of the sensor heads (etched areas) were the same.
Table 2.3 indicates the experimental outcomes of the etching process. The time taken by
the multiple sensor head unit to drop the ringdown time by the same amount (~3.3 μs)
means the time taken to generate the same optical loss was measured. The results were in
accord with the previous section (2.5.2), since the existence of multiple sensor heads
somewhat change the length of etched area of the fiber loop. This method can be applied
when multiple sensor heads are needed.

Table 2.3.

Time taken by multiple sensor heads to generate the same optical loss.

FLRD sensor unit

Number of
sensor heads

Length of each
sensor head (cm)

Unit 1

1

1.5

Time taken to drop the
ringdown time by ~3.3μs
(hh.mm.ss)
00:12:08

2

1.5

00:10:53

3

1.5

00:08:28

1

1.5

00:08:44

2

1.5

00:07:08

5

1.5

00:05:31

Unit 2

2.4.4

Demonstration of New FLRD-EF Fiber Optic Sensors
When the embedded medium of the sensor head was switched from air (n3 =

1.000) to water (n3 = 1.317), the ringdown time increased because of the decrease of the
EF induced optical loss. The amount of EF scattering depends on the refractive index
difference between the effective core and the cladding. The external medium with higher
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refractive index (n3) resulted in a smaller difference n (n = n2 - n3, n2 > n3) and
consequently a lower EF scattering loss.
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Figure 2.15. Demonstration of the FLRD-EF sensors for the detection of water. Etched
fiber length, l = 1.5 cm.

36

Figure 2.16. Demonstration of the FLRD-EF sensors for the detection of water. Etched
fiber length, l = 8.0 cm.
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Figure 2.17. Demonstration of the FLRD-EF sensors for the detection of water. Etched
fiber length, l = 22.0 cm.

Three sensor heads with different lengths, 1.5, 8.0, and 22 cm were prepared. The
diameter of each sensor head was around 17.7 μm, which was estimated by SEM. The
external medium of the sensor head was changed while monitoring the ringdown time online. Figure 2.15 shows the response of the sensor head with length 1.5 cm to the change
in external medium from air (n3 = 1.000) to water (n3 = 1.317) at room temperature. The
experiment was repeated with the other two sensor heads under the same experimental
conditions. The change in ringdown times at the air-water switching point were 0.28,
0.69, and 4.40 μs for sensor heads with lengths of 1.5, 8.0 and 22 cm, respectively
38

(Figures 2.15, 2.16, 2.17). These results imply that longer sensor heads have higher
detection sensitivity. Note that the senor shows a fast response and good reproducibility.
The spike marks in Figure 2.16 are due to micro-bending of the etched fiber when
removing the water from the sensor head.
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CHAPTER III
HIGH-SENSITIVITY FIBER-LOOP RINGDOWN
EVANESCENT-FIELD INDEX SENSORS

The FLRD-EF sensor, which is demonstrated in Chapter II, is improved as a new
type of FLRD-EF index sensor with a high sensitivity. Certified refractive index oils, labmade sodium chloride (NaCl) solutions, and deionized water are used to study the
ringdown behavior of the sensor and to identify the detection limit. The detection limit
for optical refractive index change is 3.2 u 10-5. This is the highest sensitivity for a fiber
optic index sensor so far without using any chemical-coating or any other complicated
optical components at the sensor head. Several factors of this new type of index sensor
can be further investigated to achieve a potential detection limit up to the order of 10-6.

3.1

Principle of EF-FLRD Index Sensors
As discussed in Section 2.1, the minimum detectable optical loss Bmin, which is

defined as the 1-V detection limit, is given by

Bmin

1 VW
m W

(3.1)

where W and VW are the average ringdown time and the 1-V standard deviation of the
ringdown time, respectively. VW /W is referred to as the ringdown baseline noise, which is
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typically 10-3, and is comparable to the minimum detectable change in light intensity
('I/I0) in a conventional intensity-based sensing scheme. If a conventional intensitybased, single-pass EF optic sensor has a detectable optical loss of B, then Bmin will be the
detection limit of our sensor. Detection sensitivity can be improved by a factor of m,
where m depends on the physical parameters of the fiber loop and the design of the
fabrication.
This technique uses the index difference-based EF scattering sensing mechanism
[1], where a small index difference between the fiber cladding and the external medium
(Fig.3.1(b)) yields a lower EF scattering loss, and correspondingly, a longer ringdown
time.

3.2

FLRD-EF Index Sensor Setup
The schematic of the FLRD-EF index sensor is shown in Figure 3.1(a). The

FLRD setup was the same as the one demonstrated in Section 2.2. The typical splicing
loss was 0.02 – 0.04 dB and the total optical loss of the loop was estimated to be < 0.45
dB. A laser pulse was generated from the laser diode (1515 nm at 25 oC) with a pulse rate
of 10 Hz and a pulse width of 20-30 ns. The laser pulse was coupled into the fiber loop
through the 0.1% leg with an FC/APC fiber connector. The 0.1% leg of the second
coupler was coupled to the InGaAs photodetector (Section 2.2, Figure 2.1(a)). The
wavelength of the laser diode was tuned at 1515.25 nm precisely and monitored by a
wavemeter (Burleigh, WA-1500) with a measurement accuracy of 0.001 nm.
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(a)

(b)
Figure 3.1. (a) Schematic of the FLRD-EF index sensor. (b) Closer view of the sensor
head.

3.3

Fabrication of the Sensor Head
Fabrication of the sensor head was done by etching a section of the single-mode

fiber loop using a 48% hydrofluoric acid (HF) solution, as discussed in Section 2.3. The
etching process was continuously monitored by the FLRD technique in real-time. When
the etching process reached such a stage that the EF propagating in the cladding of the
fiber started leaking out, the observed ringdown time began to decrease due to the
increase of the optical loss of the laser beam traveling through the fiber. The etching
process of the fiber cladding was precisely controlled in terms of the etched fiber
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diameter by monitoring the ringdown time. The control precision was r 0.5 Pm,
measured by using scanning electron microscopy.
Five fiber loop units were fabricated; the diameters of each of the etched fibers
were approximately the same (~ 17.0 Pm). The etched fiber (the sensor head) lengths of
three of the five loops were 9.0 cm and the other two were 22 cm.

3.4

Behavior of the FLRD-EF Index Sensor
For index measurements, the sensor head was simply immersed in liquids, such as

deionized (DI) water, NaCl solution, and certified refractive index oils (S and AAA
series, Cargille). In order to avoid microbending of the sensor head, special care must be
taken when switching different index liquids and when cleaning the sensor head. Other
experimental parameters, such as temperature and electronics settings of the system, were
consistently maintained.

3.4.1

The Response of the Index Sensor to Different External Media
Figure 3.2 shows the response of the index sensor to two certified index oils,

which have standardized refractive indices of 1.3350 and 1.4490 at room temperature (25
o

C) and 1515 nm. The length of the etched fiber at the sensor head was 9.0 cm. The

sensor shows a fast response and a good reproducibility when switching repeatedly
between these two substances.
The EF sensor had negligible absorption of the laser light at 1515.25 nm, as
verified both theoretically and experimentally. The different observed ringdown times
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imply different optical losses. That means, the two different media contribute different
EF scattering effects [2].
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Figure 3.2. The response of the index sensor to two certified index oils with refractive
indices 1.3350 and 1.4490 at room temperature (25 oC) and 1515 nm.

3.4.2

Index Range of the Sensors’ Response
In order to investigate the index range of the sensor’s response, deionized (DI)

water and eight different certified refractive index oils (Cargille) were used. These results
were also helpful as further confirmation of the observations in Section 3.4.2. The
standardized refractive indices of the external media, which were used in this experiment,
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are tabulated in Table 3.1. The refractive indices of the certified oils have an accuracy of
± 2 u 10-4.

Table 3.1.

The standardized refractive indices of the external media used to investigate
the index range of the sensor’s response
Refractive index

External medium

Refractive index
External medium

(at 25 0C)

(at 25 0C)

Air (atmospheric)

1.0003

Oil 4

1.4250

Deionized water

1.3329

Oil 5

1.4410

Oil 1

1.3250

Oil 6

1.4450

Oil 2

1.3300

Oil 7

1.4490

Oil 3

1.3350

Oil 8

1.4530

Figures 3.3 and 3.4 represents the experimental curves obtained from Sensor Unit
1, when the sensor head (9.0 cm) was exposed to the laboratory atmosphere, DI water,
and index oils. The experiment was repeated several times to confirm the variation of
ringdown times. Results represented in Figures from 3.5 to 3.9 were obtained from
Sensor Units 2 and 3 (with 9 cm long sensor head), respectively.
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As can be seen in Figures from 3.3 to 3.9, the sensor readily sensed the different
liquids by reading different ringdown times. Also, the data in the refractive index range
1.0-1.4450 clearly show that the sensor reads a longer ringdown time with a decrease of
the refractive index difference between the cladding and the media.
For refractive indices beyond 1.4450, the ringdown time decreased with increases
in the refractive index. When n2>n3, external media with a higher refractive index (n3)
(Figure 2.1 (b)) produce a smaller refractive index difference n (n = n2 - n3) and
consequently a lower EF scattering loss.When n2 < n3, n increases with increasing n3.
Thus, a larger optical loss is created, and the ringdown time decreases with increasing n3.
This is the reason we obtain an opposite behavior of ringdown time for indices 1.4490
and 1.4530, which are greater than the average refractive index of the effective cladding
of the sensor head, 1.4466 (SMF, ncore = 1.4491 and ncladding = 1.4441). 
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Figure 3.3. Response of the index sensor (with 9 cm long sensor head) to different
external media: air, DI water, oil 5, oil 6, oil 7, oil 8. Sensor Unit 1 first set
of data.
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Figure 3.4. Response of the index sensor (with 9 cm long sensor head) to different
external media: air, DI water, oil 5, oil 6, oil 7, oil 8. Sensor Unit 1 second
set of data.
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Figure 3.5.

Response of the index sensor (with 9 cm long sensor head) to different
external media: air, DI water, oil 5, oil 6, oil 7, oil 8. Sensor Unit 2 first set
of data.
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Figure 3.6. Response of the index sensor (with 9 cm long sensor head) to different
external media: air, DI water, oil 5, oil 6, oil 7, oil 8. Sensor Unit 2 second
set of data.
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Figure 3.7. Response of the index sensor (with 9 cm long sensor head), to different
external media: air, DI water, oil 1, oil 2, oil 3, oil 4, oil 5, oil 6, oil 7 and oil
8. Sensor Unit 3 first set of data.
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Figure 3.8. Response of the index sensor (with 9 cm long sensor head) to different
external media: air, DI water, oil 1, oil 2, oil 3, oil 4, oil 5, oil 6, oil 7 and oil
8. Sensor Unit 3 second set of data.
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Figure 3.9. Response of the index sensor (with 9 cm long sensor head) to different
external media: air, DI water, oil 1, oil 2, oil 3, oil 4, oil 5, oil 6, oil 7 and oil
8. Sensor Unit 3, third set of data.

3.5

Study of the Detection Sensitivity of the FLRD-EF Index Sensors
Lab-made sodium chloride (NaCl) solutions were used to investigate the detection

limit of the index sensors. We prepared high step-change resolution index solutions
(NaCl), which had lower refractive indices than that of the fiber cladding and core.
Standard sodium chloride (iodized table salt) was weighed on a microbalance with an
accuracy of 0.1 mg and dissolved in pre-weighed deionized water to make salt-water
solutions. The solutions consist of different concentrations ranging from 3.4% to 3.9%, in
terms of weight ratio. The ambient temperature was measured by a thermometer. The
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refractive index of the different NaCl solutions was found in the scientific literature [3].
Table 3.2 indicates the refractive indices of NaCl solutions with an index resolution of 'n
= 2 u 10-4.

Table 3.2.

Refractive index as a function of the concentration of a sodium chloride
solution [3].
Sodium Chloride Concentration
Refractive index
(Weight %)
3.3

1.3388

3.4

1.3390

3.5

1.3391

3.6

1.3393

3.7

1.3395

3.8

1.3397

An index sensor (Unit 1) with a 22 cm long sensor head (etched fiber) was used to
obtain a calibration curve of ringdown time vs. refractive index of the solutions. The
experiment was repeated by using another sensor unit (Unit 2) with a 22 cm long sensor
head. Figure 3.6 presents the outcomes of the experiments.
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Figure 3.10. Calibration curves of ringdown time vs. refractive index of the NaCl
solutions, obtained from Sensor Unit 4.
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Figure 3.11. Calibration curves of ringdown time vs. refractive index of the NaCl
solutions, obtained from Sensor Unit 5.

3.6

Detection Limit of the Index Sensors
The typically measured ringdown time of the single-mode fiber used in this

experiment was 15.0 μs. The important information obtained from the Figures 3.10 and
3.11 were used in further calculations to identify the detection limit of index change
(Table 3.3). The minimum averaged one-V detection limit of index change that we have
obtained was 3.17 ×10-5 in the index range of 1.3388 – 1.3397 (Table 3.3 (a)).
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Table 3.3.

Detailed estimation of the detection limit in the NaCl experiment

(a) Case 1: Figure 3.6(a)
1-V standard deviation of the measured ringdown time ( ߪఛ )

0.028 μs

Average ringdown time (߬ҧ)

9.180 μs

Baseline noise VW / W (averaging over 100 ringdown events)

3.0×10-3

Change in refractive index (r)

0.0009

Change in ringdown time corresponding to r ()

0.794 μs

Detection limit of index change 

ఙഓ

൫οఛൗο൯

൨

3.17×10-5

(b) Case 2: Figure 3.6(b)
1-V standard deviation of the measured ringdown time ( ߪఛ )

0.028 μs

Average ringdown time (߬ҧ)

10.828 μs

Baseline noise VW / W (averaging over 100 ringdown events)

2.6×10-3

Change in refractive index (r)

0.0009

Change in ringdown time corresponding to r ()

0.462 μs

Detection limit of index change 

3.7

ఙഓ

൫οఛൗο൯

൨

5.26×10-5

Further Improvement of the Sensor
Several experimental factors can further improve the detection sensitivity of the

sensors by more than one order of magnitude.
1. Increasing the length of the etched fiber at the sensor head.
As we discussed in Chapter II (section 2.4.2), EF sensor’s sensitivity is
proportional to the etched fiber length.
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2. Reducing the ringdown baseline noise.
The ringdown base line noise VW /W can be potentially reduced to ~ 10-4 by using
a detector with a higher sensitivity and by averaging a larger number of ringdown events
to improve the signal-to-noise ratio.
3. Minimizing the splicing loss.
The total optical splicing loss of the fiber loop can be reduced by 50%, for a
commercially fabricated loop.
The last two factors alone could improve the detection limit to 1.0 × 10-6. In the
index range of 1.33888-1.3397, our index sensor has a minimum detection limit of index
change of 3.17 ×10-5 (Table 3.3 (a)). Using a bare SMF as the sensing element and
without any chemical coating or any optical elements on the sensor head, this is the
lowest detection limit of the fiber optic index sensors reported so far, to the best of our
knowledge. Even lower detection limits can be obtained. If the sensor operates in the high
index region, much lower detection limits can be obtained.
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CHAPTER IV
REFRACTIVE INDEX-BASED DNA AND BACTERIA
SENSORS

In this chapter we demonstrate a new type of index-based biological sensor which
is based on the highly sensitive FLRD-EF index sensors discussed in Chapter III. Two
different linear single-stranded deoxyribonucleic acid (DNA) samples, one linear doublestranded DNA sample, and a bacterial strain (Escherichia coli strain DH5*) are used to
study the sensor’s behavior and sensitivity to the biological samples. DNA samples with
concentrations of 30 μM and 15 μM were used. The sensor’s detection sensitivity is
improved by coating the sensor head with a thin layer of poly-L-lysine.

4.1

FLRD-EF Index Based Bio-Sensor Setup
The experimental setup was the same as the FLRD-EF setup demonstrated in

Section 2.1 and Figure 2.1. The estimated total optical loss was <0.45 dB and the typical
splicing loss was 0.02-0.04 dB. The laser beam from the laser diode (1515 nm at 25 0C)
was coupled into the fiber loop through the 0.1% leg with an FC/APC fiber connector and
the 0.1% leg of the second coupler was coupled to the photodetector. The total length of
the loop was 120 m.
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The diameter of the etched fiber was estimated from the recorded ringdown time
and further verified by using scanning electron microscopy. Two fiber loop units were
fabricated and the diameters of each of the etched fibers were approximately the same (~
17.0 Pm). The etched fiber (sensor head) lengths of the two units were 24 cm and 12 cm.
Fabrication of the sensor head was done by etching a section of the single mode fiber
loop using 48% hydrofluoric acid (HF) as discussed in Section 2.2. The etching process
was continuously monitored by the FLRD technique in real-time and it was precisely
controlled in terms of the etched fiber diameter by monitoring the ringdown time. The
control precision was r 0.5 Pm, measured by using scanning electron microscopy.

4.2

FLRD-EF Index Sensor to Sense DNA
The response of the above sensor head to biological samples, such as DNA and

bacteria, in the external medium was examined. Three different types of linear DNA
samples (Integrated DNA Technologies) were used in this experiment. Sample 1 (S 1)
was 26-base single-stranded DNA (ssDNA) with the sequence CAG CGA GGT GAA
AAC GAC AAA AGG GG. Sample 2 (S 2) was another 26-base single-stranded DNA
with the sequence CCC CTT TTG TCG TTT TCA CCT CGC TG. Sample 3 (S 1+2) was
a combination of S 1 and S 2, which was 26-base pair double-stranded DNA (dsDNA).
A sensor unit with 24 cm etched fiber was used in this experiment. Figure 4.1 and
4.3 shows typical responses of the sensor head to the external medium; air, water, S 1, S
2 and S 1+2. In the first part of the experiment, DNA diluted in deionized (DI) water to a
concentration of 30 μM was used (Figures 4.1, 4.2) and then DNA diluted in deionized
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water to a much lower concentration, 15 μM, was used (Figure 4.3, 4.4) in order identify
the concentration detection limit.
The experiment was performed at room temperature (25ºC). The wavelength of
the diode laser was 1515 nm. Electronic settings were fixed during the experiment.
Length of the fiber immersed in the liquid, stretched amount of the fiber and the volume
of the liquid was constantly sustained. When handling and cleaning the sensor head
special care was taken to avoid microbending of the fiber, which might create a
considerable change in ringdown time.
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Ringdown time (Ps)
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15.5
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15.0
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Figure 4.1. Demonstration of the FLRD-EF sensor for the detection of ssDNA sample1
(S 1), ssDNA sample 2 (S 2), and dsDNA sample (S 1+2). Concentration of
DNA is 30 μM.
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Figure 4.2. Demonstration of the FLRD-EF sensor for the detection of ssDNA sample1
(S 1), ssDNA sample 2 (S 2), and dsDNA sample (S 1+2). Concentration of
DNA is 30 μM.
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Figure 4.3. Demonstration of the FLRD-EF sensor for the detection of ssDNA sample1
(S 1), ssDNA sample 2 (S 2), and dsDNA sample (S 1+2). Concentration of
DNA is 15 μM.
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Figure 4.4. Demonstration of the FLRD-EF sensor for the detection of ssDNA sample1
(S 1), ssDNA sample 2 (S 2), and dsDNA sample (S 1+2). Concentration of
DNA is 15 μM.

The response of a given sensor to the change in the external medium is fast and
reproducible. The refractive index of different media affects the scattering amount of
light (EF) and thereby the optical loss (section 3.4.1). Change in optical loss typically
changes the ringdown time. Refractive indices of diluted DNA is greater than that of DI
water (n = 1.333). Our results (Figures 4.1 to 4.4) show that, nS 1 < nS 1+2 <n S 2. The
sensor detects the three different DNA samples by means of their refractive indices.
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4.3

FLRD-EF Index Sensor to Sense Bacteria
The experiment was repeated by using DI water and bacteria (E. coli strain DH5*)

diluted in DI water as two different external media. The size of the bacterium is around 2
μm in length and 0.5 μm in diameter, which is extremely larger than DNA. The length of
a 26-base DNA strand is approximately 0.00884 μm.
As shown in Figure 4.5, the sensor can detect the bacterial suspension apart from
water in terms of refractive index, as it sensed the three different DNA samples apart
from each other in previous section of the experiment (section 4.2). Optical loss due to
EF scattering is different for water and bacteria because of their different refractive
indices. Consequently, a clear change in ringdown time could be observed. The results
are reproducible and the sensor shows a fast response to the change in samples.
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Figure 4.5. Demonstration of FLRD-EF sensor for the detection of bacteria.

4.4

FLRD-EF Index Based DNA Sensor – Coating Method
As we discussed in Chapter II, detection sensitivity of the sensor depends on

various parameters, such as the length of the fiber loop, length of the sensor head and the
diameter of the sensor head. Further, the chemical coating also affects the amount of EF
scattering of an etched fiber. Our attempt was to selectively detect DNA by the fiber
coating method. The length of the sensor head (etched area) was 12 cm and the
concentration of DNA samples was 20 μM.
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The partially corroded fiber (sensor head) was first cleaned with phosphatebuffered saline solution (NaH2PO4/Na2HPO4 pH 7.4, 150 mM) (PBS). In order to coat the
sensor head with poly-L-lysine (PLL) solution (0.1% W/V in water, the molecular weight
=150,000-300,000 g/mol, Sigma), it was immersed in PLL for 160 minutes. The
positively charged NH2 in PLL chain adsorbs negatively charged DNA, and ssDNA
sample 1 binds with ssDNA sample 2 [1-3]. The sensor head was then cleaned with PBS
to remove excess PLL and immersed in ssDNA sample 1 with concentration 20 μM for
130 minutes. After that fiber was cleaned again with PBS and immersed in ssDNA
sample 2 with concentration 20 μM for another 65 minutes, and it was finally cleaned
with PBS [3].
The coating process was performed at room temperature and ringdown data were
collected throughout the experiment. Figure 4.6 presents the ringdown time in each stage
of the coating process labeled as 1, 2, 3, 4, 5, 6 and 7: 1- before coating; 2- in PLL
solution; 3 - PLL coated; 4 - in S 1; 5 – S 1 coated; 6 - in S 2; and 7 – S 2 coated.
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Figure 4.6. Demonstration of FLRD-EF sensor in the process of coating. 1- before
coating PLL; 2- in PLL solution; 3 - PLL coated; 4 - in S 1; 5 – S 1 coated;
6 - in S 2; and 7 – S 2 coated.

The difference in ringdown time between the stages 4 (in S 1) and 6 (in S 2) is
0.34 μs, but with the non-coated fiber it was 0.09 μs (Figure 4.1). The length of the
coated sensor head was one half of the length of the non-coated one. The longer the
FLRD-EF sensor head, the higher the detection sensitivity (section 2.4.4). But we could
observe much higher detection sensitivity with a 12 cm long, PLL-coated sensor head
than with the 24 cm long, non-coated sensor head. Also the concentration of the DNA in
the coated fiber experiment (20 μM) is much less than the previous one (30 μM). This
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result shows that by coating the sensor head, the sensitivity of an FLRD-EF sensor can be
improved.
The ssDNA sample 1 (S 1) selectively binds with ssDNA (S 2) sample 2. The
experiment was repeated using an additional ssDNA (sample 4, 26-bases, CAC TCT
CTC CTC TTC TCT CCG CCG) with a concentration of 20 μM. DNA sample 4 (S 4)
does not bind with either with sample 1 or sample 2. Figure 4.7 shows the ringdown time
in each stage of the coating process, labeled as 1, 2, 3, 4, 5, 6 and 7: 1- before coating; 2in PLL solution; 3 - PLL coated; 4 - in S 1; 5 – S 1 coated; 6 - in S 4; 7 – S 4 coated; 8 –
in S 2; and 9 – S 2 coated.
At stage 5, ssDNA sample 1 (S 1) is coated on the sensor head. Since ssDNA
sample 4 (S 4) does not bind with ssDNA sample 1 (S 1), the ringdown time does not
change from stage 5 to stage 7. However, ssDNA sample 2 (S 2) binds with sample 1 (S
1); it can be seen clearly in Figure 4.4, S 2 coating on S 1-coated fiber, has affected the
ringdown time at stage 9. The experimental results show a potential of selectively
detecting DNA by using the coating method. This remains to be a subject of future study.
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Figure 4.7. Demonstration of FLRD-EF sensor in the process of coating. 1- before
coating PLL, 2- in PLL solution, 3 - PLL coated, 4 - in S 1, 5 – S 1 coated, 6
- in S 4, 7 – S 4 coated, 8 – in S 2; and 9 – S 2 coated.

We have demonstrated a method for detection of different types of biological
samples, such as DNA and bacteria, in real time based on the FLRD-EF sensing
mechanism. We have used standard single-mode fibers and the sensor head was
fabricated by real-time, on-line monitoring of the chemical etching process. The sensor
shows good reproducibility and a fast response. PLL coating on the sensor head improved
the detection sensitivity, of the sensor giving a promising technique for developing a
highly sensitive FLRD-EF bio-sensor. In addition, the coating method has shown
potential for selectively detecting DNA.
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CHAPTER V
OUTLOOK

Modern industries need new types of sensors with high efficiency and low cost
for monitoring and quantifying chemical, physical and biological operations. Fiber optic
sensors (FOS) are important in the sensing field due to their specific features that have
been discussed in Chapter I. The development of future FOS depends on investigating
new types of sensing platforms and improved performance. The new FOS could be
designed and manufactured with new sensing schemes, low manufacturing cost, and with
ability to be technically and economically configurable with an existing sensor network.
Improved performance of FOS may have three different aspects. First, improved
performance of FOS means high sensitivity, high accuracy, and high selectivity. Second,
improved performance means rapid response, remote control, and fast data transmission.
Third, improved performance means ability to sense multiple parameters, including
physical quantities and chemical quantities in a single sensor system. The sensor must
have the ability to be insert into/removed from an existing sensing network with low cost
[1, 2].
The FLRD sensing scheme measures time in order to detect a quantity and
therefore it is defined as a time-domain sensing scheme. The FLRD sensing scheme is
capable of measuring all physical and chemical quantities (pressure, temperature, gas
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concentration, liquid volume, etc.) in the time-domain. New ideas on FLRD sensor
networks are being introduced and discussed [1, 2]. When all individual FLRD sensors
are connected together into a sensor network, multi-parameters will be simultaneously
measured in the uniform time-domain. Each sensor unit in the network will have high
sensitivity and high speed of detection.
Other than chemical and physical sensors, FLRD sensing scheme can be easily
introduced to develop biological sensors [3]. We have demonstrated a method for
detection of different types of biological samples, such as DNA and bacteria, in real time
based on the FLRD-EF sensing mechanism (Chapter IV). Our recent bio-sensing effort
still involves a lot of future study. This work shows the potential of applying the FLRD
sensing mechanism to detect other types of biomolecules and cells, such as proteins,
ribonucleic acid (RNA), and other microorganisms (fungi, microalgae, etc.).
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